Staphylococcus aureus invades osteoblasts and is the primary cause of osteomyelitis. This study examined the ability of S. aureus to induce apoptosis in a mouse osteoblast cell line. The presence of intracellular S. aureus was demonstrated by transmission electron microscopy. Light microscopy was utilized to examine morphological changes in the osteoblasts following killing of extracellular bacteria. Cell rounding was observed, and dark centers due to condensation of chromatin were noted in cells in infected osteoblast cultures. DNA was isolated from infected osteoblast cultures, and electrophoresis revealed the laddering effect characteristic of cells undergoing apoptosis. Additionally, an in situ cell death detection assay was utilized to label apoptosis-induced DNA strand breaks. Apoptotic nuclei were present, providing further evidence that S. aureus induces apoptosis in osteoblasts. ß
Introduction
Staphylococcus aureus is a common cause of bone and joint infections in humans. Infections can be a complication of septicemia or can follow local trauma to the implicated tissue. The pathogenesis of staphylococcal bone and joint infection is currently poorly understood, but is likely to be multi-factorial. Bacterial virulence determinants are important in infection, as well as host factors such as immune status and the presence of underlying disease.
S. aureus is a capable bone pathogen, in part, because it possesses several cell surface adhesion molecules that facilitate its binding to bone matrix. Binding involves a family of adhesins that interact with extracellular matrix components and these adhesins have been termed microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) [1] . Speci¢c MSCRAMMs are responsible for localization of S. aureus to bone tissue [2] . Once the bacteria adhere to and colonize bone matrix, they elaborate several virulence factors such as proteases, which can break down matrix components. The resultant bone destruction facilitates bacterial invasiveness.
S. aureus is generally not considered a signi¢cant intracellular pathogen compared to genera such as Listeria and Shigella; however, there is growing evidence that S. aureus has the ability to invade epithelial and endothelial cells [37 ] , as well as to induce apoptosis in these cells following internalization [4, 6, 7] . Our group was the ¢rst to demonstrate that S. aureus is internalized by osteoblasts and can persist intracellularly [8] , and was the ¢rst indication that intracellular survival of the bacterium could be involved in bone infection. Evidence that internalization occurs in vivo and not just in tissue culture [9] further justi¢es this presumption. We have additionally demonstrated that internalization of S. aureus by mouse osteoblasts utilizes micro¢laments, clathrin-dependent receptor-mediated endocytosis, and, to a lesser extent, microtubules [10] . Essentially identical results using human osteoblasts were recently published by another group [11] . S. aureus sequestered from the host immune system in the osteoblast intracellular environment may provide a reservoir of bacteria for recurring osteomyelitis and may be more relevant to chronic disease than bacteria associated with the bone matrix.
It has been reported that S. aureus surface-associated proteins are potent stimulators of bone resorption [12] , and that stimulation of osteoclast formation by the proteins plays a role in bone destruction [13] . The present study examined whether S. aureus could induce the apoptotic pathway in osteoblasts following internalization to further exacerbate the bone destruction characteristic of osteomyelitis. 
Materials and methods
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Cell culture and invasion assay
The MC3T3-E1 osteoblast cell line used in this study is derived from mouse calvariae and has been extensively studied with regard to bone matrix synthesis, mineralization and changes in morphology and metabolism during di¡erentiation [14, 15] . Mouse cells were either seeded at 10 5 cells per well in 12-well cell culture plates and grown for 9 days, or seeded at 7.7U10 6 cells per well in 6-well cell culture plates and grown for 4 days at 37³C in a humidi¢ed incubator. Growth medium consisted of MOBGM plus 100 U ml 31^1 00 Wg ml 31^0 .25 Wg ml 31 of penicillin^streptomycin^Fungizone (Sigma) (Abx/ Amx), and was changed 48 h after seeding and then every 24 h thereafter. Once osteoblasts reached con£uence, growth medium was removed and the cells were washed three times with 3 ml of HBSS. Three ml of fresh growth medium without Abx/Amx was then added to the cells. Two of the osteoblast-containing wells on each of the 12-well cell culture plates were labeled as controls (not infected) and two other wells on each of the plates were inoculated with approximately 10 8 bacterial cells (M.O.I. 250:1) followed by incubation for 45 min at 37³C. Following the invasion period, supernatants were removed and the osteoblasts were washed twice with 3 ml of HBSS. Following washing, 3 ml of growth medium containing 25 Wg ml 31 gentamicin was added to each well to kill remaining extracellular bacteria. Following incubation at 37³C for either 4 or 20 h, supernatants were removed and collected. Mouse osteoblasts were then washed once with 3 ml of HBSS and the wash solution added to the collected supernatant. Culture supernatants and washes were collected to retain any osteoblasts lifting from the cultures due to apoptosis. Cell lifting was in fact observed in S. aureus-infected cultures, but not in uninfected cultures (data not shown).
Transmission electron microscopy
MC3T3-E1 osteoblast cultures were grown in Transwells1 (Costar, Cambridge, MA, USA) and infected with S. aureus strain UAMS-1 as described above. Cell layers were ¢xed in 3% glutaraldehyde/3% paraformaldehyde in 0.2 M sodium cacodylate bu¡er (pH 7.6) for 1 h, post-¢xed with 0.5% OsO 4 /0.8% K 3 Fe(CN) 6 for 2 h, and processed for transmission electron microscopy as previously described [8] .
Assessment of DNA laddering
To evaluate infected osteoblasts for the presence of apoptosis-induced DNA laddering, osteoblast DNA was isolated from 4-day-old cultures by a detergent and enzyme treatment as previously described [16] . At either 4 or 20 h after addition of gentamicin, osteoblast growth media were collected from three infected wells and three control (uninfected) wells of a 6-well cell culture plate and saved in separate 50-ml conical tubes. All wells were washed once with 3 ml of HBSS and the washes combined with the appropriate saved supernatant. One ml of trypsin in EDTA (0.5 g porcine trypsin and 0.2 g EDTA, 4 Na/L HBSS) (Sigma) was added to each well followed by incubation for 10 min at 37³C to lift cell layers. The trypsinized layers were collected and combined with the appropriate tubes of growth medium/wash solution previously collected. Samples were centrifuged, the pellets washed once with 8 ml of 0.02% EDTA in HBSS (lacking Ca 2 and Mg 2 ), and then resuspended in 40 Wl of TE bu¡er (10 mM Tris, 1 mM EDTA) containing 0.25% Triton X-100 (FisherBiotech, Fair Lawn, NJ, USA). The suspensions were then transferred to 1.5-ml microfuge tubes. Five units of RNase were added to each tube followed by incubation at 37³C for 20 min to remove RNA. Following incubation, 10 Wl of proteinase K (10 mg ml 31 ) was added, followed by incubation at 37³C for 20 min. Agarose gel electrophoresis was then used to analyze the osteoblast chromosomal DNA.
Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay
Osteoblasts were grown on culture slides (Becton Dickinson, Franklin Lakes, NJ, USA) and infected as described above. At 4 and 20 h after addition of gentamicin, infected and control (uninfected) osteoblasts were washed with HBSS and ¢xed with 4% paraformaldehyde for 30 min at room temperature. Slides were then rinsed twice with HBSS and allowed to dry at room temperature. Samples were analyzed using the TACS12 TdT DAB in situ Apoptosis Detection kit (Genzyme, Cambridge, MA, USA) as described by the manufacturer. Apoptotic osteoblasts were visualized via light microscopy as cells containing brown^black-stained nuclei.
Results and discussion
Intracellular presence of S. aureus
MC3T3-E1 osteoblast cultures were grown and infected with S. aureus strain UAMS-1, and cultures were examined 90 min post-infection by transmission electron microscopy. Intracellular bacteria are clearly evident (Fig.  1) , as we have previously demonstrated following S. aureus invasion of normal chick osteoblasts [8] .
Morphological changes in osteoblasts following S. aureus invasion
An inverted microscope equipped with a 35-mm camera was used to examine any morphological changes in the osteoblasts as a result of S. aureus invasion. Infected and control (uninfected) osteoblasts were observed at 4 and 20 h after addition of gentamicin. A dramatic di¡er-ence in the morphology of the infected and control osteoblasts was evident (Fig. 2) . Control cells continued to display normal cellular morphology ( Fig. 2A,C) . Both of the infected osteoblast cultures contained rounded cells with dark centers (Fig. 2B,D) , with approximately 40% of osteoblasts displaying this phenotype by 20 h after addition of gentamicin. This percentage correlates well with the actual number of intracellularly infected osteoblasts, which was estimated to be approximately 50% (data not shown). The darkened centers present in the S. aureusinfected osteoblast cultures are most likely due to condensation of chromatin, which is characteristic of apoptosis. Infected osteoblasts at 20 h after addition of gentamicin demonstrated signi¢cantly more apoptotic nuclei than at the 4-h time point. The presence of intracellular S. aureus cells in the osteoblast cultures is most likely required for apoptosis induction. Normal osteoblasts are evident in infected cultures even at 20 h after addition of gentamicin, so induction of apoptosis by S. aureus extracellular products is unlikely. Additionally, the presence of gentamicin in the culture media during all experiments makes it unlikely that any bacteria potentially released from osteoblasts would be responsible for observed cell damage. It is unclear if all intracellularly infected osteoblasts undergo morphological changes characteristic of apoptosis, or whether cellular alterations are dependent on the numbers of viable bacteria present inside individual cells.
DNA laddering
DNA extracted at 4 h after addition of gentamicin failed to display the laddering e¡ect indicative of apoptosis (data not shown) ; however, DNA from infected osteoblasts at 20 h after addition of gentamicin did display the characteristic fragmentation (Fig. 3, lane 2) . DNA fragments were multiples of approximately 180^200 bp, a common characteristic in apoptotic DNA cleavage. These experiments imply that apoptosis was occurring at 20, but not at 4 h after addition of gentamicin ; however, morphological signs of apoptosis were evident by 4 h (Fig. 2) . Fragmented DNA is likely present in the 4-h samples, but ethidium bromide staining may not be sensitive enough to demonstrate its presence.
TUNEL assay for the presence of 3P hydroxyl ends of fragmented DNA
Control (uninfected) osteoblasts (Fig. 4A,D) possessed nuclei that appeared blue with no evidence of diaminobenzidine staining. Positive controls (Fig. 4B,E) , in which uninfected osteoblasts were treated with DNase, yielded dark brown nuclei. Osteoblast cultures infected with S. aureus also contained cells with brown nuclei, indicating in situ DNA fragmentation, a characteristic of apoptosis (Fig.  4C,F) . Again, a greater number of infected osteoblasts at 20 h after addition of gentamicin (Fig. 4F) displayed the staining characteristic of apoptosis compared to 4 h after addition of gentamicin (Fig. 4C) .
In summary, examination of cellular morphology and analyses of DNA fragmentation suggest that S. aureus induces apoptosis in infected osteoblasts. This result indicates that S. aureus-induced osteoblast destruction may exacerbate bone loss already attributed to the osteoclastmediated bone resorption characteristic of osteomyelitis. Osteoblasts have been demonstrated to undergo apoptosis in vivo, and results suggest that the process can be modulated by growth factors and cytokines produced in the bone microenvironment [17] . Extracts from Actinobacillus actinomycetemcomitans have recently been demonstrated to induce osteoblast apoptosis [18, 19] . The current study is the ¢rst to demonstrate that S. aureus induces osteoblast apoptosis, and suggests that intracellular bacteria mediate the apoptotic pathway. The mechanism of S. aureus-induced osteoblast apoptosis is currently unclear; however, the S. aureus agr locus in£uences apoptosis induction in bovine mammary epithelial cells, and an elegant model has been proposed to address the induction mechanism [7] . We are currently investigating whether production of an Agrregulated factor initiates apoptosis following osteoblast invasion.
